After irradiation of cancer cells in the ion beam therapy method the concentration of hydrogen peroxide in the cell medium grows significantly. But the role of hydrogen peroxide molecules in cancer treatment has not been determined yet. We assume that interaction of peroxide molecules with DNA atomic groups can block the genetic information of the cancer cell and lead to its neutralization. To understand the possibility of DNA deactivation in the cell, in the present study the formation of complexes of hydrogen peroxide molecules with DNA specific recognition sites (nucleic bases) is considered. Using atom-atom potential functions method and quantum-chemical approach, based on density functional theory, the spatial configurations and energy minima for the complexes of peroxide and water molecules with nucleic bases are studied. The most probable positions of hydrogen peroxide molecules interacting with nucleic bases are determined, and the possibility of blocking of genetic information transfer processes is shown. The obtained data allows us to formulate a new mechanism of the ion irradiation action on living cells, that can be useful for cancer treatment.
Introduction
DNA macromolecule under physiological conditions forms a double helix consisting of two chains of a sugar-phosphate backbone, which are interconnected by hydrogen bonds. The medium of the biological cell mainly consists of water molecules and positively charged alkali metal ions that neutralize negatively charged phosphate groups of DNA backbone. The water content, the concentration of counterions and the cell solution, determine the form of the double helix, and consequently influence significantly on DNA functioning. [1] At physiological conditions all the main biological processes in living cell are determined by the information which is stored in DNA macromolecule. But in the cancer cells the processes of genetic information transfer take place without any appropriate control. This is considered as the main reason of the tumor appearance. Therefore, the relevant task of cancer treatment is studying of the mechanisms of deactivation of cancer cells by the direct destruction of their DNA in a cell or by the blocking of active DNA recognition sites.
One of the most progressive methods for cancer treatment is ion beam therapy, when the living tissue is irradiated with high-energy ion beams. The beam is formed on accelerator, and it is used for the treatment of patients at the special hospitals. [2] In the basics of ion beam therapy lies the well-known effect of Bragg's peak formation [3] . It is considered, that the main target for high-energy ion beam in the cell is DNA, but a current mechanism of the action of heavy ions on DNA of cancer cells has not been determined yet. [2] As the DNA macromolecule in the cell nucleus interacts with the water medium all the time, the influence of ion beam on water solution of the cell actually determines the state of DNA macromolecule and the flow of genetic processes as well. The study of water radiolysis [4, 5] showed that under the influence of ionizing radiation in the water medium different species occur, such as secondary electrons, ions, free radicals, as well as molecular products (H 2 , H 2 O 2 ). According to the traditional hypothesis of ion therapy, it is considered that the main reason of DNA deactivation are the double-strand breaks caused by secondary electrons and free radicals. [3] However, it is now known [6] that there are powerful mechanisms of DNA repair, which restore the functioning of the molecule after double-strand breaks. Therefore, it is necessary to study also other mechanisms of DNA deactivation, particularly the processes of blocking of the active DNA recognition cites by the molecular products of radiolysis.
Monte Carlo simulations and experiments on water radiolysis [4, 5, 7] showed that at the scale of biological lifetimes (∼ 1µsec), among all species hydrogen peroxide molecules (H 2 O 2 ) have the largest concentration. Taking this into account, one of the mechanisms of the ionizing radiation action on DNA, that is proposed in the paper, [8] may be the blocking of the active protein-DNA recognition sites by the hydrogen peroxide molecules. In normal conditions, these sites are surrounded by water molecules. But due to increase of H 2 O 2 concentration, these molecules should compete with water molecules for binding with DNA sites. Therefore, it is important to understand whether hydrogen peroxide molecules can interact with active DNA recognition sites more stronger than water molecules, thus blocking the processes of genetic information transfer.
As known, at physiological conditions, hydrogen peroxide molecules are present in living cell at the certain concentration, but their role in the cell's functioning has not been studied properly yet. [9] There are some methods of cancer therapy (see for example [10] ), where hydrogen peroxide molecules are introduced into the cellular medium and selectively damage the cancer cells. [10, 11] But the mechanisms of this treatment have not been determined yet.
In our work [8] the interaction of hydrogen peroxide molecules with centers of non-specific protein-nucleic recognition -DNA phosphate groups (P O 4 ) was studied. It was shown that H 2 O 2 molecule can form a stable, long-living complex with DNA P O 4 groups, and block the protein-nucleic recognition process. In the present paper, we consider the interaction of H 2 O 2 and H 2 O molecules with specific DNA recognition sites -atomic groups of Adenine, Thymine, Guanine, and Cytosine nucleic bases, to determine if they can form stable complexes. Since water and hydrogen peroxide molecules have a similar atomic content, they must compete in the solution for the binding with DNA.
The next Section will describe our research methods. In Sec. 3, a comparative analysis of the stability of the complexes consisting of a H 2 O 2 and H 2 O molecules with nucleic base (Adenine, Thymine, Guanine or Cytosine) will be performed. In Sec. 4 it will be discussed how our results can lead to the understanding of the mechanism of blocking of the genetic information transfer processes. 
Calculation methods
For the analysis of interaction energy and structure of the investigated molecular complexes two computational approaches are used -the method of classical atom-atom potential functions (AAPF) and the method of quantum-chemical calculations based on density functional theory with B3LYP functional.
In this Section we will describe these two approaches and show how they agree with the previously calculated data for the simple complexes consisting of water and hydrogen peroxide molecules. In this way the energy minima and spatial configurations for molecular complexes are found (Fig. 1 ).
Atom-atom potential functions method
The atom-atom potential function method is now widely used in the molecular dynamics in such force fields as CHARMM and AMBER [12] [13] [14] for studying the structure of molecular complexes. In the framework of this method, the energy of intermolecular interaction consists of van der Waals interactions, hydrogen bonds and and Coulomb interactions:
In the framework of the present method we consider all the covalent bonds and angles as rigid.
Van der Waals's interaction is described by Lennard-Jones's '6-12' potential:
where the parameters A (10) ij , B
ij , A ij , B ij are taken from the works. [15, 16] The energy of the hydrogen bond between atoms i and j is modeled by the modified LenardJones potential '10 -12':
where r ij -the distance between the atoms i and j, ϕ -the angle of the hydrogen bond. For example, when the hydrogen bond is O −H...N, then ϕ is an angle between the lines of covalent bond (O − H) and the hydrogen bond (H...N).
Coulomb interaction is described by the electrostatic potential:
where q i and q j are the charges of the atoms i and j located at a distance r ij , ε 0 is the vacuum permittivity, and ε(r) is the dielectric permittivity of the medium. The charges q i , q j for nucleic bases were taken from the works. [15, 16] Charges of H 2 O and H 2 O 2 molecules were calculated from the condition that the dipole moment of water molecule should be equal to d H2O = 1.86D, and of hydrogen peroxide molecule d H2O2 = 2.10D. [8] Hence, for the H 2 O molecule we obtain the charges q H = 0.33e, q O = −0.66e, and, accordingly, for
The values of charges on the atoms of H 2 O 2 molecule are in good agreement with charges obtained in the work. [17] Since DNA in the living cell is situated in a water-ion solution, the interacting atoms are screened by water molecules. This leads to a weakening of the Coulomb interaction. Thus, more effective accounting of Coulomb interactions can be achieved using the dependence of the dielectric permittivity upon distance (ε(r)), developed by Hingerty et al. [18] in the explicit form:
where r p = r/2.5. Further atom-atom potential functions method (AAPF) with the use of expression (5) will be called here as AAPFh.
Quantum chemistry approach
In the quantum-chemical calculations the B3LYP/6-311+G(d,p) method with a supermolecular approach is used. Calculations are made within Gaussian software. [19] The interaction energy is considered as a difference between energy of the molecular complex XY and its components X and Y :
The basis sets of the molecular complex XY (dimer centered basis set) and of the isolated molecules X and Y (monomer centered basis sets) are shown in parenthesis. The counterpoise correction (CP) is made to avoid basis set superposition error, as following:
In the framework of this approach we calculate deformation energy for hydrogen peroxide and water molecules, because we assume that nucleic bases are the rigid structures. Deformation energy is calculated to take into account the possible differences between the isolated states of the molecules and of those within complexes:
Thus, complete interaction energy in complex is presented by formula:
In addition in the framework of the present method, to get an electrostatically neutral structure, atoms C ′ 1 that form glycosidic bonds of the nucleic base with DNA backbone are changed to H atoms for Adenine and Thymine and to CH 3 group for Guanine and Cytosine.
Test calculations of simple complexes with hydrogen bonding
Using AAPF and B3LYP methods the interaction energies of the considered complexes consisting of H 2 O 2 and H 2 O molecules (Fig. 1) are calculated and compared with the corresponding data from the works. [17, [20] [21] [22] As can be seen from the results of our calculations (Tabls. 1 and 2), in the framework of AAPFh approach the energy minima values, as well as spatial configurations of the molecules, are consistent with the corresponding works much better than the same calculations carried out in a gas phase. Also in the work [23] it was shown the necessity of use of dependence (5) when calculating interactions in nucleic base pairs to avoid anomalous Coulomb contributions. Due to these facts, all the following calculations in the framework of AAPF method we perform taking into account the dependence (5). (Fig. 1a) complex, calculated in this paper using atomic-atom potential functions (AAPF) method and the method of quantum chemistry B3LYP, as well as data calculated for the same complexes in other works. Distances are given inÅ, angles in degrees, energies in kcal/mol. In quantum-chemical approach (B3LYP), the obtained energy values for the water-water complex coincide quite good with the previously calculated data. As it can be seen from Tabl. 1, the obtained values of the interaction energy in gas phase, as well as the geometry of the complex, are very close to the data obtained in the paper. [20] Also our calculated data is in a good accordance with values from the review. [24] For the system peroxide-water (Tabl. 2), the calculated spatial configurations are also in good agreement with the works. [17, 21, 22] The calculated energies of the complexes are very close to the results obtained in the work. [21] To sum up, the used approaches (AAPFh and B3LYP) give sufficiently realistic results and can be used for the analysis of the interactions of H 2 O 2 and H 2 O molecules with nucleic bases. 1b) and (Fig. 1c) The interaction of nucleic bases with water molecules has been considered in the set of works, [25] [26] [27] [28] but the interaction with hydrogen peroxide molecules has not been studied sufficiently yet. Up to now only the work [29] is known. In the present work, the stable complexes of hydrogen peroxide molecules with nucleic bases A, T, G and C are found and compared to the same complexes with the water molecule. It is clear, that hydrogen peroxide, as well as water, can form hydrogen bonds with nucleic bases. Due to the structures of hydrogen peroxide molecule and nucleic base, it is much more favorable for peroxide to form two hydrogen bonds with base atomic groups, where two different oxygen atoms of the H 2 O 2 molecule are involved in the formation of hydrogen bonds. Moreover, unlike a complex with one hydrogen bond, in a complex with two hydrogen bonds, the peroxide molecule should be more stable, it has no possibility to rotate around hydrogen bonds. Therefore, in accordance with the geometry of water and hydrogen peroxide molecules, in this paper we consider only the complexes with two hydrogen bonds, not taking into account complexes with one hydrogen bond. In addition, the tautomeric forms of nucleic bases have not been considered in the present work.
For each nucleic base a few binding sites for the interaction with hydrogen peroxide exist. These binding sites are schematically shown of Fig. 2 . For each site the length of the hydrogen bonding and the energy minima are calculated. Binding sites from the backbone side are not One can see that for Adenine base at the sites A-I, A-II hydrogen peroxide molecule interacts with this nucleic base stronger than water molecule (see Tabl. 3). For the cites A-I, A-II interaction energies are close to the values obtained in the work. [29] AAPFh method shows that in the cite A-III there is a weak binding of H 2 O 2 molecule with bended hydrogen bonds, at the same time B3LYP method shows no binding at this cite. It should also be mentioned that in the case of B3LYP method water and hydrogen peroxide molecules change their shape insignificantly -deformation energies do not exceed 0.5 kcal/mol.
Our calculations show that in the case of Thymine there are two binding sites of T-I, T-II (Fig. 2b) . The corresponding complexes with the hydrogen peroxide molecule are shown on Fig. 3b . For water molecules and hydrogen peroxide, binding takes place at the same sites of Thymine, but with a significant difference in the interaction energy (Tabl. 3). Both our approaches (AAPF and B3LYP) give a dominance in interaction energy of complex with peroxide compared to the same complex with water molecule. In the case of B3LYP method the deformation energy of peroxide and water molecules plays insignificant role (< 0.3 kcal/mol).
Complexes of binding of hydrogen peroxide molecules to Guanine (G-I, G-II, G-III, G-IV) are also shown on Fig. 2a . Differences in the interaction energies are given in Tabl. 3. Studying these complexes by B3LYP method shows that in position I hydrogen peroxide molecule is significantly deformed (2.5 kcal/mol), what is the reason of the differences between hydrogen bond distances in AAPFh and B3LYP methods (Fig. 4a) .
Cytosine has two binding sites (Fig. 4b) . At the site C-I there is a binding of both of the water and hydrogen peroxide molecule, and besides hydrogen peroxide is more energetically favorable to bind (Tabl. 3). At the place C-III there is a binding only of hydrogen peroxide. For the site C-II there no binding of hydrogen peroxide in the framework of AAPFh method due to the geometrical features of H 2 O 2 molecule, which is rigid. As it can be seen from the Summarizing the results of our calculations by both methods used in the present work, it can be seen that for Adenine, Thymine, Guanine and Cytosine nucleic bases there are places which are more favorable for binding of hydrogen peroxide molecule compared to water molecule.
Discussion and conclusions
In the present work we have obtained the stable configurations of hydrogen peroxide with DNA specific recognition sites by two methods: atom-atom potential functions and density functional theory. Both methods show similar results. It can be seen (Fig. 3 and 4 ) that it is most probable for hydrogen peroxide to bind to Thymine from the side of complementary hydrogen bonds. To Adenine and Guanine -from the side of major and minor grooves as well as complementary hydrogen bonds. And to Cytosine -from the side of the major groove and the complementary hydrogen bonds.
As known, [30] the protein recognition of DNA macromolecule can take place as from the major as well as from the minor grooves, depending on the type of enzyme and on the form of double helix. Therefore, the formation of complex of a nucleic acid with hydrogen peroxide molecule, which binds to the base from the major (Fig. 2, A-I , C-III, G-I) or minor groove (Fig. 2, A-III, G-IV) , can prevent the recognition of this base by the enzyme and, therefore, block the process of protein-nucleic recognition.
The formation of the same complexes from the side of complementary hydrogen bonds (TI, T-II, A-II, CI, C-II, G-II, G-III) can take place at the stage of the DNA transcription process, when the double-stranded DNA is already unzipped up to two single strands. In this case, the energy of nucleic base blocking by hydrogen peroxide molecule is comparable to the energy of the complementary pairs formation. [23] To sum up, depending on the form of DNA, binding to the DNA bases in the solution can occur both from the sides of major and minor grooves. By this means there are sites of nucleic bases, where binding to hydrogen peroxide is much more advantageous than that of a water molecule. It should be mentioned, that when considering interaction with active sites of DNA backbone, [8] the sufficient preference of hydrogen peroxide compared to water molecule was not found. In the present work there are sites of nucleic bases which are much more favorable for H 2 O 2 molecule to bind. Consequently, the formation of such complexes is sufficiently probable in cell during the ion beam therapy treatment, and in this way the processes of genetic information transfer should be blocked in cancer cells.
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